Extraction of inclusion particles from a metal matrix allows for accurate three-dimensional estimation of their morphology, size, and composition. In this study, the stability of MgO and MgAl2O4 particles was examined using acid, halogen-methanol, and nonaqueous electrolytes. These particles hardly dissolved in a 2% TEA-Ba (2 v/v% triethanolamine-1 w/v% tetramethylammoniumchloride-methanol containing 0.05-0.20 w/v% Ba) electrolyte. The potentiostatic extraction method using nonaqueous electrolytes with various Ba and H2O contents was examined for the extraction of MgO inclusion particles from metals. The O content of the extracted MgO and MgAl2O4 inclusion particles agreed approximately with the analyzed total O content of the metal. The Mg contents of the extracted inclusion particles were in agreement with those calculated using the results of two-dimensional measurements. Finally, it was concluded that 2% TEA-Ba was the most suitable for the electrolytic extraction of MgO and MgAl2O4 inclusion particles from steel.
Introduction
The removal of nonmetallic inclusion particles is of importance in the production of high-quality steel. Various methods have been proposed for the evaluation of the relatively large inclusion particles. 1, 2) It was recently reported that some types of fine complex inclusion particles have the effect of reducing the steel grain size, which may improve the mechanical properties of steel. [3] [4] [5] The accurate evaluation of inclusion particles has therefore become increasingly important.
It is well known that the composition and size of inclusion particles in a cross-section of a steel sample can be easily estimated using analytical instruments, for example, by optical microscopy, electron probe microanalysis, optical emission spectroscopy with pulse discrimination analysis, and laser ablation-inductively coupled plasma-atomic emission spectrometry. However, the two-dimensional size and compositional segregation of inclusion particles in a cross section of a steel sample rarely correspond to the actual size of the three-dimensional inclusion particles [6] [7] [8] or the microsegregation of components in the particles, because the cross section of the inclusion particles is obtained by aleatory randomness after polishing. In comparison with two-dimensional measurements of inclusion particles in a cross-section of a metal, the use of inclusion particles which have been separated from a metal matrix is convenient for the accurate three-dimensional estimation of their morphology, size, and composition. Furthermore, the quantitative analysis of the amount of inclusions in a metal can be directly obtained by the analysis of the separated particles.
For these purposes, many extraction methods using acids, halogen-alcohol mixtures and electrolysis have been proposed. The acid extraction methods offer the advantages of rapid and facile extraction of nonmetallic inclusions which have high chemical stability. Narita 16) summarized the acid extraction methods and concluded that SiO 2 , Al 2 O 3 , Cr 2 O 3 , TiO 2 , and CaO·6Al 2 O 3 could be quantitatively extracted independent of the acid concentration. However, the oxygen content calculated from the extracted Al 2 O 3 content was lower than the total oxygen content. 2, 12, 26) It was reported that an Al 2 O 3 reagent 18, 26) and synthesized TiO x 14) dissolved in acid, whereas a TiO 2 reagent did not dissolve in hot acid. 17) TiO 2 , ZrO 2 , and Fe-Nb-O inclusions were quantitatively extracted using a cold HNO 3 method.
15) The use of halogen-alcohol mixtures reportedly reduces the dissolution loss of many kinds of nonmetallic inclusions during the extraction procedure; 11, [14] [15] [16] however, it was found that alkaline earth metal oxides and sulfides dissolved in these mixtures. 12, 20) In comparison with these methods, electrolysis can be used to selectively dissolve a metal matrix using the difference in the dissolution voltage between metal and nonmetallic inclusions. The slim method 9, 19) is convenient for the extraction of large nonmetallic inclusions from a large quantity of steel samples. However, the potentiostatic and galvanostatic extraction methods involving the use of acid and neutral aqueous electrolytes could not be applied to the extraction of chemically unstable inclusions because the dissolution loss of these inclusions was inevitable during the extraction. The low current density and the formation of © 2011 ISIJ a passive layer on the metal surface were also disadvantageous in these methods. 20) Consequently, electrolysis is applicable to the extraction of nonmetallic inclusions only under favorable conditions in terms of the electrolyte, voltage, and current. The use of nonaqueous electrolytes such as 4 v/v% methylsalicylate-1 w/v% tetramethylammoniumchloride-methanol (4%MS), 2 v/v% triethanolamine-1 w/v% tetramethylammoniumchloride (or LiCl)-methanol (2%TEA), 10 v/v% acetylacetone-1 w/v% tetramethylammoniumchloride-methanol (10%AA), and 40 w/v% (or 10 w/v%) malic acid-1 w/v% tetramethylammoniumchloride-methanol (40%MA or 10%MA) was proposed for the electrolytic extraction of nonmetallic inclusion particles from steel and has been recommended as a standard extraction method because of its good reproducibility based on the examination of dissolution loss of Al2O3, 29) TiOx, 30) nitrides, 21) carbides, 22, 23) and sulfides. 25) In the present study, the applicability of electrolytic methods using nonaqueous electrolytes has been investigated for the extraction of chemically unstable MgO and MgAl2O4 inclusion particles.
Experimental

Dissolution Loss of Oxide Particles in Solution
The MgO reagent was dried by heating at 1 473 K for 2 h in a Pt crucible. MgAl2O4 powder was prepared by sintering a stoichiometric mixture of MgO and Al2O3 reagents at 1 873 K for 24 h and crushing to a particle size of 0.9-11 μm (average 2.4 μm). These powders (5 mg) were then charged into either 100 mL of HCl-HNO3-H2O acid (353-363 K), 5 v/v bromine-methanol (316-333 K in an ultrasonic vibration bath), 14 w/v iodine-methanol (316-333 K in an ultrasonic vibration bath), or nonaqueous electrolytes (room temperature). A nonaqueous electrolyte composed of 2%TEA-Ba was prepared as follows: 0.05-0.2 w/v% metallic Ba was added to a 2%TEA electrolyte, which was degassed by aspiration in an ultrasonic vibration bath. Reaction of Ba 2+ with H2O in the electrolyte resulted in the immediate precipitation of Ba(OH)2. Consequently, the 2%TEA-Ba electrolyte was suction-filtered using a polycarbonate film filter (open pore size: 0.05 μm) in a dry box just before the experiment. The acid and the nonaqueous electrolyte were stirred at intervals of 30 min. After an appropriate time, 5 mL of solution was suction-filtered using a film filter (open pore size 0.1 μm) and analyzed by inductively coupled plasma-mass spectrometry (ICP-MS) or inductively coupled plasma-atomic emission spectrometry (ICP-AES).
Extraction of MgO and MgAl2O4 Particles from
Metal For the preparation of Fe-Ni-Mg or Fe-C-P alloys containing MgO inclusion particles, an appropriate amount of Ni-9-15 mass% Mg alloy was added to Fe-10 mass% (or 2 mass%) Ni alloy or Fe-0.2 mass% C-0.02 mass% P alloy (70 g) and melted in a MgO crucible under a deoxidized Ar atmosphere at 1 873 K. The melt was then stirred for 30-60 s using a MgO rod, held at 1 873 K for 0 to 30 min, and cooled to 1 673 K at a cooling rate of 40 K/min. The crucible containing the metal sample was rapidly quenched in water.
For the preparation of Fe-Mg-Al alloy containing MgAl2O4 inclusion particles, an appropriate amount of Fe-10 mass% Al alloy was added to pure Fe (70 g) and melted in an Al2O3 crucible under a deoxidized Ar atmosphere at 1 873 K, and the melt was then stirred for 20 s using an Al2O3 rod. Subsequently, an appropriate amount of Ni-10 mass% Mg alloy was added, and the melt was stirred for 30 s using an Al2O3 rod. The crucible containing the metal sample was rapidly quenched in water.
A portion of the metal sample with dimensions 10-15 × 3-4 × 3-4 mm was sliced. The surface of the sliced sample was cleaned using a microgrinding machine and washed with acetone in an ultrasonic vibration bath. The sample was cut into small granules, and the granules were rinsed in acetone and petroleum benzene in an ultrasonic vibration bath. The granules were charged in an Erlenmeyer flask and dissolved in HCl-HNO3-H2O (1:1:2 by volume ratio) solution, 5 v/v bromine-methanol, or 14 w/v iodine-methanol under the same conditions mentioned in Section 2.1. The solution was suction-filtered using a PTFE film filter (open pore size: 0.1 μm).
In the case of electrolysis, a piece of metal sample with dimensions 12-20 × 6-15 × 1-3 mm was sliced. The surface of the metal slice was cleaned using the microgrinding machine; it was then rinsed with acetone and petroleum benzene in an ultrasonic vibration bath before being stored in petroleum benzene. Inclusion particles in the metal were extracted by the following electrolytic extraction method. A schematic diagram of the potentiostatic electrolysis device is shown in Fig. 1 . The metal sample was held by Pt tweezers and a Pt ring was used as a pole. A calomel electrode was used as a reference pole, and it was connected to the electrolyte through a KCl-saturated solution and a KCl-agar bridge. In the case of galvanostatic electrolysis, the bridge and the reference pole were unnecessary. After extraction, the electrolyte was suction-filtered either by using a poly- The extracted MgO and MgAl2O4 inclusion particles on the polycarbonate film filter were observed using an electron probe microanalyzer equipped with an energy dispersive X-ray spectrometer (EPMA-EDX), after being coated with carbon or Pt. The inclusion element contents were determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES) after the filter containing the inclusion particles was fused by Na2CO3+B2O3 flux in a Pt crucible. The composition of the filtrate, which contained the soluble elements in the metal, was determined by ICP-AES after drying and leaching with HNO3 and HCl. The total O Fig. 1 . Schematic diagram of the apparatus used for the potentiostatic extraction method.
content of the metal was determined by inert gas fusioninfrared absorptiometry.
31)
Observation of MgO Particles on Metal Surface
The vertical cross-section of Fe-10 mass% (or 2 mass%) Ni alloy and Fe-0.2 mass% C-0.02 mass% P alloy, which were prepared in Section 2.2, were polished manually without water in order to prevent the hydration of MgO. The inclusion particles on metal surface were estimated by using a scanning electron microscope (SEM) and an electron probe micro analyzer (EPMA) at magnifications of 1 000, 2 000 and 5 000. The total observed area on metal surface was varied from 0.02 to 0.05 mm 2 depending on the number of particles on SEM images. The total number of analyzed inclusions was 210 to 440. The size of quadrilateral inclusion was evaluated as the simple average of longest and shortest diagonal length of the particle, which was measured on the SEM photographs using a semi-automatic image analyzer.
Results and Discussion
Stability of MgO Particles in Solution
Yoshida et al. 21, 24) found that although CaO dissolved in a halogen-methanol mixture, 3%MS and 10%AA, it dissolved only slightly in 2%TEA. The dissolution of fine MgO powder, with an average grain size of 2.4 μm, was examined in a HCl-HNO3-H2O (1:1:2 by volume ratio) acid, halogen-methanol mixtures, and nonaqueous electrolytes. The variation of the Mg amount dissolved from the fine MgO powder in these solutions is shown with time in Fig. 2 . Yoshida et al. 21, 24) reported that CaO and CaS hardly dissolved in 2%TEA solution containing 0.20 w/v% BaO within 3 h. In contrast, Kawakami et al. 32) reported CaO dissolution in 2%TEA-0.8 w/v% Ba. In the present study, 2%TEA solution containing 0.04 or 0.10 w/v% BaO which was dried at 1 473 K for 1 h was also used in the MgO dissolution test. The results are shown in Fig. 2 . The amount of MgO dissolved in 4%MS and 10%AA was large, whereas that dissolved in 2%TEA and 2%TEA-BaO was small. Therefore, the results indicate that MgO dissolution is also low in 2%TEA-Ba. These tendencies can be rationalized as follows: it is well known that the stability of Mg complex ions in triethanolamine, methylsalicylate, acetylacetone and malic acid is a significant factor in MgO dissolution. On the other hand, because MgO is stable above pH 10, it does not dissolve in 2%TEA, 2%TEA-BaO, and 2%TEA-Ba, which have pH values of 10, 11, and 12, respectively. However, MgO is considered to be soluble in 4%MS and 10%AA, which have pH values of approximately 3 and 5, respectively. The effect of BaO and Ba on MgO dissolution is expected to result in the suppression of solvent extraction based on the common ion effect and the dehydration of 2%TEA. The dissolution of MgO in halogen-methanol, 10%MA and 40%MA is seen to be remarkable in Fig. 2 .
Kurayasu et al. 33) noted that calcium aluminate inclusion with a high CaO/Al2O3 ratio was quantitatively obtained using electrolytic extraction by decreasing the moisture in the 4%MS and 10%AA electrolytes. In the present study, the MgO dissolution behavior was examined by using the 4%MS, 10%AA and 2%TEA electrolytes that were dehydrated by 0.03 to 0.04 w/v% Ba. Electrolytes whose H2O content was increased by the addition of 10 v/v% H2O-methanol were also used in the MgO dissolution test. Figure  3 shows the relationship between the Mg ion content and H2O content of the mentioned electrolytes after 5 h. The H2O content was analyzed using a Karl Fischer coulometric titration method. It is evident that the amount of dissolved MgO increases with H2O content.
Stability of MgAl2O4 Particles in Solution
Although it might be concluded that CaO dissolves even in nonaqueous electrolytes, as described in Section 3.1, Narita 16) reported that CaO-Al2O3 compounds could be completely extracted using a halogen-methanol mixture. Yoshida et al. 21) noted that the synthesized 3CaO·Al2O3+ 12CaO·7Al2O3 mixture dissolved in bromine-methanol, but remained undissolved in iodine-methanol.
A MgO compound such as MgAl2O4 is not expected to dissolve in solutions, unlike pure MgO. The synthesized MgAl2O4 powder (5 mg) was charged in various solutions (100 mL) in order to examine its dissolution behavior. The experimental conditions were similar to those used in the pure MgO dissolution test. The results are shown in Fig. 4 . The dissolved amount of MgAl2O4 is found to be the lowest 
Electrolytic Extraction of MgO from Metal
Effect of Ba Addition
The electrolytic extraction of MgO inclusions from a Fe-10 mass% Ni-0.012-0.013 mass% T.Mg alloy was carried out using 2%TEA, 4%MS, and 10%AA, which contained various Ba 2+ contents. The electrolysis potential and current density were -150 mV and 22-42 mA/cm 2 , respectively. In Fig. 5 , the Mg contents of the extracted inclusions are plotted against the Ba contents of the electrolytes. Since qualitative analysis using EPMA showed that the inclusions are pure MgO, the insoluble Mg content of the metal was calculated from the analyzed total O content of the metal. The results are indicated by arrows in Fig. 5 . A comparison between the Mg content of the extracted inclusions and that calculated from the analyzed total O content of the metal will be made in Section 3.5. The insoluble Mg content of the metal was also evaluated from the mean diameter of the inclusions and the number of inclusions per unit area obtained by twodimensional observation, as will be explained in Section 3.6. These results are indicated in Fig. 5 by gray arrows.
It is seen from Fig. 5 that the Mg content of the inclusions extracted using 2%TEA, which contains more than 0.04 w/v% Ba, agrees well with the calculated value. However, from the experimental findings that the Mg contents of the inclusions extracted using 4%MS and 10%AA are lower than those of the inclusions extracted using 2%TEA, MgO is considered to have dissolved in 4%MS and 10%AA, as shown in Fig. 2. 
Anode Potential
The inclusions in the Fe-0.2 mass% C-0.02 mass% P-0.006 mass% T.Mg alloy were extracted using 2%TEA containing 0.16-0.22 w/v% Ba. The current density was 19-46 mA/cm 2 .
The relationship between the insoluble Mg content of the metal and the anode potential is shown in Fig. 6 . The insoluble Mg contents are constant in the anode potential range from -201 to -48 mV.
Other MgO Extraction Methods
The Mg content of the residue after the dissolution of Fe-10 mass% Ni-0.012 mass% T.Mg and Fe-10 mass% Ni-0.013 mass% T.Mg alloys by using HCl-HNO3-H2O mixture is presented in Table 1 along with the values obtained for extraction with iodine-methanol. The Mg contents plot- ted in Fig. 5 , which were obtained by electrolysis using 2%TEA-Ba, 4%MS, and 10%AA, are also given in Table 1 . The dissolution of MgO in acid and iodine-methanol is remarkable.
Insoluble Mg Content Calculated from Total O Analysis
The Fe-2 mass% Ni-0.008-0.010 mass% T.Mg and Fe-10 mass% Ni-0.003-0.013 mass% T.Mg metal samples were prepared in a MgO crucible by varying the holding times as 0, 2 or 10-30 min at 1 873 K after the addition of Ni-9 mass% Mg alloy to the Fe-Ni melt. The insoluble O contents were calculated from the Mg contents of the MgO inclusions extracted electrolytically using 2%TEA-Ba. Figure 7 shows a plot of the obtained values against the total O contents analyzed using inert gas fusion-infrared absorptiometry. Both can be considered to be roughly corresponding, even though the data points are scattered. The results for Fe-10 mass% Ni-0.012 mass% T.Mg and Fe-10 mass% Ni-0.013 mass% T.Mg alloys are presented in Table  1 .
The Fe-0.001-0.003 mass% T.Mg-0.005-0.015 mass% T.Al metal samples were prepared by the addition of Fe-10 mass% Al alloy and Ni-10 mass% Mg alloy to pure Fe (70 g) melted in an Al2O3 crucible under a deoxidized Ar atmosphere at 1 873 K. The insoluble O contents were calculated from the Mg and Al contents of the inclusions extracted using 2%TEA-Ba. The values obtained are plotted against the total O contents analyzed using inert gas fusioninfrared absorptiometry in Fig. 8 . Both O contents can be considered to agree well with each other, even though the data are scattered.
Estimation of Insoluble Mg Content from Twodimensional Observation
The typical inclusion particles contained in the crosssection of the metal samples are illustrated in Fig. 9 . The approaches proposed by Fullman 34) for spherical particles and by DeHoff and Rhines 35, 36) for the other types of particles have been used frequently for the estimation of particle characteristics obtained from two-dimensional measurements. By assuming that the diameter of a quadrilateral particle (b) is represented by Eq. (1), the harmonic mean diameter of the inclusion particles in a cross section, The difference between dA and the spatial diameter of the inclusions, dV, is well defined, as shown in Fig. 9(c) . The mean spatial diameter of the inclusions, d -V, is represented by Eq. (3), [34] [35] [36] where the coefficient π/2 was obtained from the geometric relationship between a given three-dimensional diameter and the two-dimensional sections of a sphere. 34, 35) d - . In Fig. 10 , the insoluble MgO contents calculated from Eqs. (7) and (8) using d i and N A , which were measured from the cross section of metals, are plotted against those obtained through chemical analysis after electrolysis by using 2%TEA-Ba. Although the data points are scattered, it can be seen that both MgO contents are roughly in good agreement. The results for Fe-10 mass% Ni-0.012 mass% T.Mg and Fe-10 mass% Ni-0.013 mass% T.Mg alloys are listed in Table 1 .
Conclusion
Electrolytic extraction is recommended for the stable extraction of inclusion particles from a metal. However, judicious choice of the electrolyte based on the inclusion composition is essential. The present method of extracting inclusions by using 2%TEA-Ba as an electrolyte is effective for the three-dimensional observation and quantitative analysis of MgO and MgAl2O4 particles in steel.
